Introduction
The sperm whale (Physeter macrocephalus) is the largest member of the Odontocete family of "toothed" whales. Estimates of the current worldwide population of sperm whales are as high as 1.9 million individuals (Rice 1989) . It is known that sperm whales feed predominantly on meso-and bathypelagic cephalopods (Clarke 1966 (Clarke , 1980 Kawakami 1980) . However, methods of effectively sampling deep-living squids have yet to be developed. The examination of sperm whale feeding behaviour and stomach contents is, in many ways, the most informative method of studying meso-and bathy-pelagic cephalopod ecology. The current moratorium on sperm whale whaling has directed feeding studies towards the living animal in its natural environment.
The distribution of sperm whales is somewhat localized. Townsend (1935) used logbook records of whaleships to chart the distribution of sperm whales. He noted that sperm whales were found in greatest concentration in the vicinity of oceanic islands. Berzin (1971) and Volkov and Moroz (1977) linked the distribution of sperm whales to areas where the upwelling of cool nutrient-rich seawater commonly occurred. Historically, whalers often used a thermometer in order to find cool surface temperatures which were indicative of good whaling areas (Ashley 1926) . Upwelling regions are extremely productive, and although they comprise only 1% of the world's oceans, they account for 50% of the world 'total fish harvest (Ryther 1970) . Thus, it is likely that sperm whales congregate 'Author to whom correspondence should be sent at the following address: Department of Biology, Dalhousie University, Halifax, NS B3H 45 1, Canada.
in these areas because of the presence of high concentrations of cephalopods. The productivity of upwelling areas is likely to vary by season and from year to year primarily as a result of differences in the strength of the currents that drive upwelling cells. Therefore, the feeding success of predators within the upwelling ecosystem is likely also to vary.
The Galapagos Islands lie astride the equator at 91" west longitude, approximately 800 km from the South American mainland. The most significant feature of the Galapagos marine environment is the presence of cold water at the surface to the west of the archipelago (Houvenaghel 1978, 19849 . Galapagos upwelling is caused by an eastward flowing subsurface current which is deflected to the surface when it encounters the islands. The presence of this cold nutrient-rich water at the surface is largely responsible for the remarkable productivity of the area (Houvenaghel 1978) . Upwelling in the Galapagos varies on a seasonal basis and is most extensive between June and August (Houvenaghel 1978; Papastavrou 1987) . Periodically, the Galapagos are affected by the weather phenomenon known as "El Niiio". El Niiio events typically suppress upwelling in the region. Sea surface temperatures are elevated and productivity is decreased, greatly affecting the region's marine life (Merlen 1984; Arntz 1986; Trillmich 199 1) . These periodic dramatic changes in local productivity make the Galapagos an excellent region in which to study the responses of marine life to ecosystem changes. Examining the responses of sperm whales to these changes in productivity will lead to a better understanding of cephalopod ecology in particular and upwelling ecosystems in general.
In this study, two easily measured indications of sperm whale behaviour were collected; defaecation rates (a measure , of feeding success), and click rates (a measure of the number of foraging sperm whales in a particular area). Sperm whales usually emit acoustic clicking noises while underwater (Backus and Schevill 1966; Watkins and Schevill 1977) . Acoustic clicks are probably used for hunting and communication (Gaskin 1982; Whitehead and Weilgart 1990 ). The click rates of sperm whales can be used as an indication of the number of whales present and their behavioural mode (Whitehead and Weilgart 1990) . If underwater clicks function mainly in foraging, click rates as an indicator of the aggregative behaviour of the whales might be correlated with the day-to-day feeding success of the sperm whales and with measures of oceanic productivity such as sea surface temperature (SST). There are physiological reasons to suggest that marine mammals may defaecate only at the surface (Kooyman et al. 1981) . These relate primarily to the metabolic demands of deep diving. The defaecation rate can, therefore, provide a reasonable measure of feeding success when passage time is considered, and can then be examined for changes over time and position to give an indication of variability in sperm whale feeding success.
In this paper, the feeding success of sperm whales is examined on a daily, monthly, yearly, and spatial basis. The relationship between feeding success and sperm whale behaviour is explored, and links between oceanographic conditions and sperm whale feeding success and behaviour are discussed.
Materials and methods
Data were collected over a 5-yr study period from waters primarily to the west of the Galapagos archipelago. Sperm whale studies were conducted in the following periods: February -April 1 985, January-June 1987 , April 1988 , April-May 1989 , and in April of 1991. Groups of female and immature sperm whales were tracked at sea from 10 and 12 metre sailing vessels equipped with a directional hydrophone (Whitehead and Gordon 1986) . The.;hydrophone could home in on the acoustic clicks made by sperm whales from a distance of approximately 8 km. Using this equipment it was possible to follow groups of whales closely and continuously for several days at a time. Defaecation rates were measured as the proportion of flukeups (flukes raised into the air at the start of a foraging dive) made by whales within 250 m of the vessel that were accompanied by defaeca- tions (Whitehed et al. 1989 ) and were calculated for periods of days (06: 30 to 18: 30), calendar months, and years. Defaecations that occurred during breaching (leaping from the water) or other surface activities were not counted in the analysis. Material from defaecations was collected when possible so that diet could be investigated (Smith 1992) . The acoustic activity of sperm whales was recorded for 5 min of every hour on the hour while in the company of whales. The recorded sounds were then played into a digital oscilloscope and the click rate in clicks per second was calculated (Whitehead and Weilgart 1990) . The measured click rates were then used to calculate three measures: nightclick (the mean click rate measured between 18:30 and 06:30), dayclick (the mean click rate measured between 06:30 and 18:30) and lowclick (the proportion of the recordings with fewer than 20 clicks per second measured over the 24-h period). Click rates give an indication of the aggregative behaviour of the whales. Therefore, nightclick indicates the aggregative behaviour of whales during the period of darkness and dayclick indicates the aggregative behaviour of the whales during daylight conditions. Lowclick indicates the proportion of time whales did not forage during the 24-h period when nightclick and dayclick were measured. Nightclick, dayclick, and lowclick were compared with the defaecation rate on the following day to account for passage time. In this manner, the click rate measured over 24 h could be correlated with the defaecation rate to give an indication of the feeding success of the whales during the time period for which click rates were calculated. Laws et al. (1975) estimated maximum ingestion to excretion intervals in elephants of 2 1 to 28 h. This rate is undoubtedly faster in a large carnivore such as the sperm whale. Therefore, studying defaecation rates on a 24-h time scale is not unreasonable.
The sea surface temperature (SST) was measured at 06:OO daily while at sea. Thus the effects of sun warming on the ocean surface were eliminated. Upwelling activity is indicated by the presence of cold water at the surface (Houvenaghel 1978) . In this study, therefore, SST is used to indicate the presence and degree of upwelling.
Results
Daily defaecation rates for all study years combined were inversely related to the 06:OO SST (r = -0.3 14, P < 0.0025; Fig. 1 ). The rate of observing faeces during each month of the entire study (Fig. 2) was negatively correlated with ,the mean 06:OO SST for a particular month. This relationship was highly significant (r = -0.766, P < 0.001). There did not appear to be any consistent relationship between defaecation rate and calendar month (Fig. 3) . The lowest defaecation rates occurred in April of 1987 and the highest rates in May of 1989. Differences in the feeding success by year (Fig. 4) were highly significant (Kruskal -Wallis one-way analysis of variance, P < 0.001). Defaecation rates were higher in 1985 and 1989 and lowest in 1987.
The general area where whales were tracked off the Galapagos was divided into squares of 12 400 km2 in area (3600 square nautical miles, Fig. 5 ). The defaecation rate in each area and in each year of the study was tabulated (Table I) . Differences in defaecation rates by area were tested by year using a G test (Table 2 ). In 1989 there were significant differences in the defaecation rate by area (Fig. 5) . In particular', the defaecation rate in area C to the west of the archipelago was 3 times higher than in other areas in 1989. Most of the research activity took place to the west and north of the archipelago.
The mean daily click rates of sperm whales were plotted against the defaecation rate for the following day (Fig. 6) . The tion rate (r = 0.225, P < 0.05). When dayclick rates were high, defaecation rates were also high. Correlations of defaecation rate with nightclick and lowclick were not significant. Daily click rates were also plotted against the daily 06:00 SST (Fig. 7) . Significant correlations occurred between nightclick and SST (r = -0.510, P < 0.001) and lowclick and SST (r = 0.326, P < 0.05). In general, when SST was low, nightclick was high and when SST was low, lowclick was also low. High nightclick and dayclick rates indicate that a large number of whales were foraging at depth. High lowclick rates indicate that whales were not foraging but more likely socializing at the surface. The results suggest, therefore, that during periods of strong upwelling, when feeding success was highest, sperm whales were more aggregated and spent proportionally more time foraging than socializing.
Discussion
Year-to-year variations in the feeding success of Galapagos sperm whales may be attributed primarily to local oceanographic changes brought about by a large scale event (El Niiio). El Niiio affected the Galapagos in 1987 and resulted in low feeding success for sperm whales there (Figs. 2 and 4) . Seasonal (monthly) temperature changes in the Galapagos are primarily the result of ocean current changes and appear to also affect sperm whale feeding success. Shorter term day-by-day variations may have more to do with the type of prey encountered during opportunistic foraging excursions. Galapagos sperm whales utilize several cephalopod species as prey (Papastavrou 1987; Smith 1992) . These species undoubtedly vary in terms of swimming speed and maneuverability. For instance Histioteuthids, which comprise the majority of the Galapagos sperm whales' diet, are gelatinous and slow swimming, whereas Octopoteuthids, also represented in the Galapagos sperm whales' diet, are muscular and probably swifter. Clarke (1980) noted that larger whales fed on larger and different species of cephalopods than smaller whales, presumably because of differences in vertical prey distribution. If prey of various species exist in a patchy distribution at various depths (Whitehead 1989), changes in feeding success from day to day might be expected. The lack of data on the ingestion to excretion rates of sperm whales presents a problem when attempting to determine feeding success over a 24-h period. Indications from stomach content studies (notably Clarke 1980) are that digestion of cephalopod flesh takes place within hours of capture by the whale. Therefore, a turnover time of 24 h may not be unreasonable.
The overall feeding success of sperm whales in the Galapagos appears highly dependant on the strength of the upwelling current to the west of the Islands, where the majority of the studies took place. There is a strong relationship between the temperature of the water and sperm whale feeding success (Fig. 1) . Admittedly, it is difficult to determine overall whale distribution or SST in a particular region when working from a small vessel. However, the density of marine life (including whales) in this area compared with the rest of the region indicates an increase in productivity and satellite photographs (Feldman et al. 1984) show phytoplankton blooms and lowered SST to the west of the islands. In 1989, defaecation rates of whales were significantly higher in area C (Fig. 5) . The link between upwelling strength and sperm whale feeding success becomes apparent in years when El Niiio suppresses upwelling. This occurred most dramatically in 1987 and resulted in significantly lower defaecation rates for Galapagos sperm whales (Figs. 2 and 4) .
The manner in which increased productivity due to upwelling in a specific area leads to an increase in cephalopod biomass remains conjectural. Whitehead et al. (1989) proposed three possible mechanisms for the effect variations in upwelling might have on sperm whale feeding success. One of these hypotheses suggests that more passive cephalopod species, such as Histioteuthids, are carried to the Galapagos on the Equatorial undercurrent responsible for the upwelling. Therefore, when upwelling fails, the biomass of these cephalopod species is reduced. This hypothesis is supported by changes in species composition (notably a drop in the percentage of Histioteuthids in the diet) found during El Niiio years (Smith 1992) . It is also possible that when upwelling fails, cephalopod distribution changes so that sperm whales must cover more area in search of prey ). In the El Niiio year of 1987, sperm whales were more scattered both vertically ) and geographically (Smith 1992) . A reviewer has suggested that when SSTs are high the squid may generally be found in deeper waters, making them energetically more costly to catch. A further hypothesis relates the decrease in cephalopod populations to an overall decrease in energy flow through the pelagic ecosystem. If this were the primary cause of decreases in the number of squid available to sperm whales, we might expect a time lag between the change in SST and squid biomass. However, the response of sperm whale feeding success to changing SST is rapid, occurring over a period of weeks (Fig. 2) . Therefore, it may be that an explanation for decreased cephalopod abundance based solely on trophic energy transfer is insufficient .
Links between upwelling (indicated by lowered SST) and the day-to-day foraging behaviour of sperm whales are also apparent. The proportion of time whales spent in behaviour other than foraging (lowclick) was directly related to the SST (Fig. 7) . When SST was low, whales were most often in the foraging mode of behaviour (Whitehead and Weilgart 1990) . When nighttime click rates were high, SST was again low, indicating high densities of foraging sperm whales (Fig. 7) . In addition, when daytime densities of foraging sperm whales (dayclick) were high, feeding success was also high (Fig. 6 ).
It appears then that the number of whales foraging for food and their success at finding it is related to upwelling as reflected by SST. Therefore, upwelling appears to benefit the whales in the short term as well as in the long term, and these benefits are reflected by greater feeding success in areas and conditions where upwelling prevails.
